Background and Aims The relative role of Pleistocene climate changes in driving the geographic distribution and genetic diversity of South American species is not well known, especially from open biomes such as the Cerrado, the most diverse tropical savanna, encompassing high levels of endemism. Here the effects of Quaternary climatic changes on demographic history, distribution dynamics and genetic diversity of Dimorphandra mollis, an endemic tree species widely distributed in the Cerrado, were investigated.
INTRODUCTION
The relative role of Pleistocene climate changes in driving the geographical distribution and genetic diversity of South American species, especially those from open biomes, is not yet well known (Turchetto-Zolet et al., 2013) . Recovering historical population dynamics and investigating how genetic variation was spatially structured are important for understanding species responses to Quaternary climate changes (Knowles, 2009) . Ecological niche modelling (ENM; sensu Peterson et al., 2011) has allowed the exploration of the geographical context of species dynamics through time by hindcasting suitable climatic conditions currently occupied by a species. Together with coalescent models, ENMs provide the framework to reconstruct species' demographic history (e.g. Collevatti et al., 2012a Collevatti et al., , 2013a and to better understand the effects of past colonization and the role of Quaternary climate changes in shaping the current spatial pattern of genetic diversity, especially for species with incomplete or no fossil records (e.g. Collevatti et al., 2013a Collevatti et al., , 2015a . The identification of areas with low climate change velocity through time (Quaternary refugia) is important to establish adequate conservation measures to ensure the maintenance of biodiversity in the face of ongoing climate change.
The Cerrado is the most diverse tropical savanna in the world and is considered a global biodiversity 'hotspot', with high levels of endemism and threat (Myers et al., 2000) . Occupying more than 20 of latitude in central Brazil and an altitudinal range from sea level to 1800 m, the Cerrado region extends from the margin of the Amazon Forest in northern Brazil, to the Araucaria forest in southern Brazil and Chaco in Bolivia and Paraguay (Ratter et al., 1997) . The climate is characterized by a strong dry season during the winter with annual temperatures ranging between 18 and 28 C and precipitation of 800-2000 mm (Ratter et al., 2006) . The Cerrado includes a wide variety of physiognomic types ranging from treeless grasslands to dense woodlands. The most frequent physiognomy is the cerrado sensu stricto, associated with oligotrophic soils and subject to fire action (Furley and Ratter, 1988) . It is a savanna characterized by a community of trees and shrubs, with contorted trunks, thick corky bark, sclerophyllous leaves and crown cover of 10-60 %, below which there is a well-developed grassy ground layer (Ratter et al., 1997) . The total number of vascular plant species in the Cerrado biome is estimated to be about 10 000 (Ratter et al., 1997; Myers et al., 2000) . Ratter et al. (2003) estimated the presence of 951 trees and large shrubs in the cerrado sensu latu (savannic element) and, of the 300 most common of these woody species, 35 % are endemic.
The South American climate was spatially and temporally complex in both open and forest biomes during the Quaternary (Ab 'Saber, 2000) . Palynological data suggest that south-eastern Brazil was cooler and drier during the glacial periods than it is at present, and savannas expanded both north and south of the equator due to markedly drier conditions (Behling, 2002) . The sub-tropical grasses in southern Brazil spread northward, replacing the Atlantic Forest and savannas to latitudes up to 20 S and retreating to the south only after the glaciation (Behling, 2002) . Phylogeographical studies with Cerrado species have shown that Pleistocene climatic changes have shaped the demographic history of populations and the geographical range of species of plants (e.g. Collevatti et al., 2003 Collevatti et al., , 2013b Ramos et al., 2007; Novaes et al., 2010 Novaes et al., , 2013 , as well as animals (e.g. Prado et al., 2012; Santos et al., 2014; Gonz alez et al., 2015) . The few studies on phylogeography and demographic history performed with Cerrado plant species have shown some congruencies. High levels of genetic differentiation among populations, evidence of reduction in species range during the Last Glacial Maximum (LGM), and recent colonization of the southern Cerrado from northern sources were found (Collevatti et al., 2003 (Collevatti et al., , 2013b Ramos et al., 2007; Novaes et al., 2010 Novaes et al., , 2013 . Most species have also shown a striking phylogeographical structure, with a somewhat similar subdivision between groups of populations (eg. Ramos et al., 2007; Novaes et al., 2010 Novaes et al., , 2013 .
Here we studied the demographical history of Dimorphandra mollis Benth. (Fabaceae), a widely distributed tree species, endemic to savannas of the Cerrado biome that occurs across central, south-east and south-west Brazil, west Bolivia and Paraguay. The Dimorphandra genus is made up of 40 species, all endemics of tropical South America, and most occurring in Amazonia (Silva, 1986) . Most Dimorphandra species have restricted distributions, with only a few widely distributed. Dimorphandra mollis, popularly known as faveiro and fava d'anta, is used as raw material by the pharmaceutical industry for flavonoid rutin extraction. It is pollinated by small insects, its seeds are dispersed by mammals and its mating system is not known (Gonçalves et al., 2010) .
We address the effect of the Quaternary climate changes on the genetic diversity and distribution of D. mollis, coupling coalescent analyses and ecological niche modelling (ENM). We used ENM to hindcast the species distribution at the LGM (21 ka) and mid-Holocene (6 ka), to infer palaeodistribution dynamics and to identify putative climatically stable areas.
Genetic diversity was assessed using internal transcribed spacer (ITS) sequencing and nuclear microsatellites in a large number of populations covering most of the geographical distribution of the species. Considering that areas of low-velocity climatic change through time potentially shelter large and more stable populations, we expected to find higher genetic diversity in these areas. In contrast, more unstable areas would exhibit lower genetic diversity due to a population bottleneck. Furthermore, because the geographical distribution of D. mollis is included in the geographic range of other Cerrado legume tree species with phylogeographical patterns which are already known (Ramos et al., 2007; Novaes et al., 2010 Novaes et al., , 2013 Colevatti et al., 2013b) , we expected a similar phylogeographical structure for D. mollis. Since savanna species have shown evidence of range retraction during the LGM followed by expansion after climate amelioration (e.g. Colevatti et al., 2012a Colevatti et al., , b, 2013b Colevatti et al., , 2015b , we expected that D. mollis would have a similar pattern of historical distribution shifts. Such shifts would be reflected by high genetic differentiation among populations with low historical gene flow and lower genetic diversity in areas recently colonized. Based on data obtained here for D. mollis, and on the projected future distribution of 18 tree species widely distributed in the Cerrado (Terribile et al., 2012) , we discussed the consequences of ongoing climate change on the persistence and maintenance of evolutionary potential in D. mollis, and preservation of the Cerrado biodiversity.
MATERIALS AND METHODS

Population sampling and DNA isolation
We sampled 38 populations (Figs 1 and 2; Supplementary Data  Table S1 ) throughout the geographical distribution of D. mollis (Fig. S1 ). For ITS analyses, 32 populations (155 individuals) were studied, and 19 populations were studied for microsatellites (371 individuals). The distance between population pairs ranged from 69 km to approx. 1400 km. For each population, a voucher was collected and deposited at the Herbarium of the Botany Department of Universidade Federal de Minas Gerais (BHCB). Leaves were collected and DNA was extracted following Souza et al. (2012a) .
ITS sequencing
We sequenced the region ITS1 þ 5.8S þ ITS2 (hereafter, 'ITS') from nuclear ribosomal DNA (nrDNA) using the primer pair cy1-cy3 (Wright et al., 2006) . PCR was performed in a 25 lL volume containing 10 ng of template DNA, 1Á0 U of Taq DNA polymerase (Phoneutria, BR), 1Â reaction buffer (10 mM Tris-HCl, pH 8Á3, 50 mM KCl, 2Á0 mM MgCl 2 ), 2 % dimethylsulphoxide (DMSO), 1 M betaine, 0Á2 ng of bovine serum albumin (BSA), 200 lM of each dNTP and 0Á5 lM of each primer. The amplifications were carried out in an Eppendorf Thermocycler (Eppendorf, Germany) with an initial step at 94 C for 3 min, followed by 34 cycles at 94 C for 1 min, 54 C for 1 min and 72 C for 1 min, and a final extension at 72 C for 10 min. Automated sequencing was carried out in a MegaBACE 1000 automated sequencer (GE Healthcare, Table S1 .
Sweden) using the DYEnamic TM ET terminator sequencing kit (GE Healthcare), following the manufacturer's instructions.
Nuclear microsatellites
Seven loci previously isolated for D. mollis were used to genotype 371 individuals. Amplifications were performed in a 13 lL reaction volume containing 10-20 ng of template DNA, 1Â reaction buffer (50 mM KCl, 10 mM Tris-HCl, pH 8Á4, 0Á1 % Triton X-100; Phoneutria, Brazil), 0Á86 mM MgCl 2 , 0Á25 mM of each dNTP, 0Á05 lM forward primer, 0Á10 lM reverse primer, 0Á10 lM M13 fluorescent-labelled primer and 1 U of Taq polymerase (Phoneutria). PCRs were performed on a Eppendorf Thermocycler under the following conditions: initial denaturation at 94 C for 5 min, followed by 34 cycles of 94 C for 1 min, 57 or 63 C for 1 min (primer annealing temperature), 72 C for 1 min, eight cycles at 94 C for 30 s, 53 C for 45 s, 72 C for 45 s, and a final extension at 72 C for 10 min. Loci were genotyped on a MegaBACE 1000 automated sequencer, using 0Á1 % Tween-20 and ROX-500 Size Standard (GE Healthcare). Alleles were sized using the MegaBACE Fragment Profiler version 1.2 software (GE Healthcare).
Errors due to null alleles, stuttering or allele drop-out were tested using Micro-Checker software (van Oosterhout et al., 2004) . Allele frequencies were corrected for loci with evidence of null alleles using the Brookfield method (Brookfield, 1996) implemented in Micro-Checker.
Nuclear ITS data analysis
To generate consensus sequences, the nrDNA sequences were assembled using the PHRED/PHRAP/CONSED package. The nrDNA sequences were deposited in GenBank under accession numbers KT970387-KT970398. The consensus sequences were aligned using CLUSTAL-W (Thompson et al., 1994) implemented in the MEGA ver. 5 program (Tamura et al., 2011) , followed by manual adjustment. All variable sites were carefully checked in the original electropherogram, and double peaks (>25 % overlap) were identified as heterozygous nucleotide positions. Putative heterozygote individuals were resequenced independently to confirm heterozygous sites. We used a Bayesian approach implemented in the program PHASE ver. 2.1 (Stephens et al., 2001 ) to identify heterozygous haplotypes. Analyses were performed allowing for multiallelic loci (-d option) for 10 000 iterations. In a first run, one multiallelic site showed homoplasy and was removed from further analyses. Next, only haplotypes recovered with posterior probabilities >0Á90 were used in subsequent analyses, following Garrick et al. (2010) .
Nucleotide (p) and haplotype (h) diversities were estimated for each population and overall populations using the software Arlequin ver. 3.11 (Excoffier et al., 2005 ). An intraspecific phylogeny was inferred using the median-joining algorithm (Bandelt et al., 1999) implemented in the software Network ver. 4.6.1.0 (Forster et al., 2004) .
To analyse the genetic differentiation among populations, we performed an analysis of molecular variance (AMOVA; Excoffier et al., 1992) using the software Arlequin ver. 3.11 (Excoffier et al., 2005) . We also performed a Bayesian analysis of population structure using the software BAPS ver. 5 (Corander et al., 2008) . We ran a population mixture analysis five times to check for convergence with the maximum number of genetically diverged groups K ¼ 32.
Analysis of nuclear microsatellite data
Population genetic diversity was assessed by estimating the number of alleles per locus (A), the expected heterozygosity under Hardy-Weinberg equilibrium (H E ), the observed heterozygosity (H O ) and the inbreeding coefficient (f, corrected for null alleles) using Arlequin ver. 3.11 (Excoffier et al., 2005) . We also tested for deviation from Hardy-Weinberg expectations and linkage disequilibrium. Allelic richness for a reference sample size of five individuals was analysed with the software FSTAT ver. 2.9.3.2 (Goudet, 2002) .
To test for population differentiation, we estimated Wright's F-statistics, F IT , F ST and F IS (Wright, 1951) , obtained from an analysis of variance of allele frequencies (Weir and Cockerham, 1984) , implemented in the Arlequin ver. 3.11 (Excoffier et al., 2005) . We also estimated Slatkin's R ST (Slatkin, 1995) to verify the contribution of stepwise-like mutations to the genetic differentiation, and tested the hypothesis that F ST ¼ R ST based on Hardy et al. (2003) , using the software SPAGeDI (Hardy and Vekemans, 2002) .
In addition, we used a Bayesian clustering simulation implemented in the software STRUCTURE 2.3.3 (Pritchard et al., 2000) to verify the number of discrete genetic clusters (K) comprised by D. mollis samples. Ten independent runs for each K (1-19) were performed to evaluate the consistency of the results using the admixture model of ancestry and correlated allele frequencies. The simulations were performed with a burn-in of 100 000 repetitions, to minimize the effect of the starting configuration, followed by 1 000 000 Markov chain Monte Carlo (MCMC) repetitions of data collection. To assess the most likely number of clusters supported by the data, we used DK statistics following Evanno et al. (2005) .
Demographic history and historical connectivity
To study demographic history, we used coalescent analyses implemented in the software Lamarc 2.1.10 (Kuhner, 2006) to analyse both data sets (ITS and nuclear microsatellites). The demographic parameter theta, h ¼ 4lNe (coalescent or mutation parameter for a diploid genome, where Ne is the effective population size), was estimated using an MCMC approach (Beerli and Felsenstein, 2001 ). To set the priors for ITS, evolutionary model selection was performed using the Akaike Information Criterion implemented in the software jModelTest2 (Darriba et al., 2012) . The model HKY þ G þ I was selected, with gamma shape equal to 0Á014 and pinv ¼ 0Á954. The analyses were run with 20 initial chains of 4000 steps and three final chains of 50 000 steps. The chains were sampled every 100 steps. We used the default settings for the initial estimate of theta. The program was run four times to certify convergence and validate the analyses using Tracer ver. 1.6 , and combined results were generated. Results were considered when the effective sample size (ESS) was !200. We also explored changes in effective population size by estimating the demographical parameter g (exponential growth rate), where ht ¼ hnow exp(-gt), and t is the time to coalescence in mutational units (Kuhner and Smith, 2007) . To assess historical genetic connectivity, we estimated the number of migrants per generation from the scaled migration rate, M ¼ 4Nem/h, where m is the migration rate. Time to most recent common ancestor (TMRCA) and effective population size were estimated from the mutation parameter h [Kingman (1982) , see also Hein et al. ] mutations per allele per generation (Thuillet et al., 2002) . For ITS, we used the substitution rate reported for another Fabaceae genus, Inga, 2Á34 Â 10 -9 substitutions per site per year (Richardson et al., 2001) .
For ITS data we tested the hypothesis of pure demographic population expansion (Rogers and Harpending, 1992) and population range expansion with high levels of migration between neighbouring demes (Ray et al., 2003; Excoffier, 2004) using pairwise mismatch distribution implemented in Arlequin ver. 3.11. We also performed Fu's neutrality tests (Fu, 1997) using Arlequin ver 3.11. Negative values for Fs indicate an excess of rare alleles or new mutations in the genealogy resulting from either population expansion or selective sweeps.
Population size dynamics over time for ITSs was also investigated using Bayesian Skyline Plot (BSP; Drummond et al., 2005) , implemented in BEAST 1.8.0 . We used the substitution model reported above and the relaxed molecular clock model (uncorrelated lognormal) and the substitution rate reported above. Four independent analyses were run for 30 million generations. Convergence and stationarity were checked, and the independent runs were combined using the software Tracer ver. 1.6. Results were considered when ESS was !200.
Ecological niche modelling
Occurrence records of D. mollis across the Neotropics (Supplementary Data Fig S1, Table S2 ) were obtained from NeoTropTree (Oliveira-Filho, 2014), a database that consists of tree species checklists with geo-referenced sites compiled from the literature and herbarium specimen records. All records were examined for probable errors and duplicates. These records were mapped in a grid of cells of 0Á5 Â 0Á5 (longitude Â latitude) encompassing the Neotropical region to generate a matrix of 189 presences (cells with unique occurrence records) used for niche modelling (see below).
We also generated environmental layers as predictors for ENM using five bioclimatic variables (annual mean temperature, Bio1; mean diurnal range, Bio2; isothermality, Bio3; precipitation of wettest quarter, Bio16; and precipitation of driest quarter, Bio17) and sub-soil pH (30-100 cm). The bioclimatic variables were obtained from the ecoClimate database (www. ecoclimate.org; Lima- Ribeiro et al., 2015) for pre-industrial (representing current climate conditions), mid-Holocene (6 ka) and the LGM (21 ka) from five coupled Atmosphere-Ocean General Circulation Models (AOGCMs): CCSM4, CNRM-CM5, MIROC-ESM, MPI-ESM-P and MRI-CGCM3 (Supplementary Data Table S3 ). Sub-soil pH data were obtained from the Harmonized World Soil Database (version 1.1, FAO/IIASA/ISRIC/ISS-CAS/JRC 2009) and assumed to be constant between LGM and pre-industrial, which was used in ENMs as a 'constraint variable' to better model the environmental preferences of D. mollis.
Next, the niche of D. mollis was modelled using both presence-only, presence-background and presence-absence algorithms (Supplementary Data The niche of D. mollis was first modelled in the current climatic scenario (i.e. pre-industrial) and then projected onto palaeoclimatic conditions of the mid-Holocene (6 ka) and the LGM (21 ka) to infer its spatial distribution through the last glaciation. All ENMs used in this study were run in the integrated computational platform BIOENSEMBLES (Diniz-Filho et al., 2009), which implements the ensemble approach (Araujo and New, 2007) . For each ENM, the occurrence points were randomly partitioned into two sub-sets comprising 75 and 25 % of the data set for model training and testing, respectively. To avoid biases in data partition, the procedure was repeated 50 times, selecting different combinations of training/testing data sets through model building. The 50 initial models were evaluated by True Skill Statistics (TSS; Allouche et al., 2006) , such that only models with high performance (i.e. TSS >0Á5) were combined to generate the consensus maps (an average weighted by TSS value of each model) for both current and past climatic scenarios (see TSS values for all models in Supplementary Data Table S5 ). The selected models were geographically classified for presence and absence of species by using the threshold that maximizes specificity plus sensibility, and then the consensus maps were computed from the frequency of initial models supporting the occurrence of the species in each cell of the grid. The consensual frequency is then interpreted and used in further analyses as a measure of environmental suitability [see details of the ensemble approach in Diniz-Filho et al. (2009) and Collevatti et al. (2012a) ]. The combinations of all modelling components (12 algorithms Â5 AOGCMs) resulted in 60 consensual predictive maps for each time period. The final consensual maps were generated by computing the mean suitability across all 60 models and reflect the resulting potential climate change effects on the distribution dynamics of the species. The consensual maps were also used to identify historical refugia for D. mollis; a cell was considered climatically stable if the species was predicted to be present (considering frequencies >0Á5) in that cell during the three time periods (the LGM, the mid-Holocene and the present).
Finally, we applied a hierarchical ANOVA using the predicted suitability from all models (12 ENMs Â 5 AOGCMs Â 3 time periods) as the response variable to disentangle and map the uncertainties in the potential distribution due to modelling components (i.e. ENMs and AOGCMs) and the effects of climate change on the species distribution through time [i.e, the 'ecological signal'; see Terribile et al. (2012) for details of the hierarchical design].
Setting demographic scenarios
The combination of all ENMs and AOGCMs resulted in 60 predictive maps (12 ENMs Â 5 AOGCMs) for each time period, which were used to support alternative demographical scenarios. We computed the range shift across the last glacial cycle, and classified all 60 predictive maps according to three general demographic scenarios: (1) 'range stability', no difference in range size over time; (2) 'range expansion', range size was lower in the past than in the present; and (3) 'range retraction', range size was higher in the past than in the present. Classifications were first made by visual inspection and then by computing the difference in range size between combinations of time slices: 21-6 ka, 6 ka-present and 21 ka-present), but keeping constant the combination of algorithms and AOGCMs in the three time periods.
Spatial pattern in genetic diversity
We used spatially explicit analyses to detect spatial patterns in observed genetic diversity in response to late Quaternary climate oscillations, for both ITS and nuclear microsatellite loci. To test for spatial structures, the linearized F ST and geographical distances (in logarithm scale) among pairs of sampled populations were correlated using a Mantel test, and statistical significance was established from 10 000 random permutations using the software Arlequin 3.11.
We used quantile regressions to analyse the relationships of climatic suitability and stability through time with gene diversity (H E ) and allelic richness (Ar) for microsatellite data and haplotype (h) and nucleotide (p) diversities for ITS data (Cade and Noon, 2003) . For this, we calculated the difference in ensembled suitabilities between the LGM and the present as a measure of climate stability through the time. Next, we analysed whether historical changes in the species' geographical range generated a spatial cline in genetic parameters due to expansion of climatically suitable conditions. For this, we obtained the distance between each analysed population and the centroid of the historical refugium, and then we performed quantile regressions of genetic parameters against this spatial distance.
RESULTS
Nuclear ITS genetic diversity and population structure
The ITS sequencing generated fragments of 803 bp. We found seven polymorphic sites and 12 haplotypes in the total sample (Table 1) . Most populations were polymorphic and only four (AQU, GEN, MIN and PAT) were monomorphic (Table 1) . Two haplotypes (H1 and H3) were very widespread and with high frequency (Fig. 1A, B) . The other haplotypes found were rare or very rare. Haplotypes H2, H10, H11 and H12 were found in only one population (ARC, FRU and TRL; Fig. 1A ). Phylogenetic relationships among haplotypes were unresolved (Fig. 1B) . Bayesian analysis of population structure (BAPS) showed eight population clusters ( Fig. 2A) . Neither network nor BAPS analyses showed any phylogeographical structure, with distant populations sharing the same haplotype and assigned to the same cluster ( Figs 1B and 2A) .
The AMOVA showed significant genetic differentiation among populations (F ST ¼ 0Á299; P < 0Á001). Populations AQU, GEN, GUI, ITU, MIM, PAP and PAT showed high and significant differentiation with almost all populations (see Supplementary Data Table S6 ).
Genetic diversity and structure of nuclear microsatellites Populations of D. mollis had moderate genetic diversity across its geographical range (Table 2) . From the 19 populations, five had significant inbreeding. Populations were genetically differentiated (F ST ¼ 0Á179, P < 0Á0001). R ST also showed high differentiation among populations (R ST ¼ 0Á133, P < 0Á0001) and was not significantly different from F ST (P ¼ 0Á217), indicating that genetic drift is an important evolutionary force shaping the genetic structure of D. mollis. All pairs of populations showed significant genetic differentiation (Supplementary Data Table S7 ).
The Bayesian analyses showed a maximal value of L(DjK) with K ¼ 14 (Supplementary Data Fig, S2A ). However, the L(DjK) never reached a plateau and the highest L 00 (DjK) and delta K were obtained with K ¼ 3 (Fig. S2B, C) , although they were multimodal and the values decreased and became more variable among runs with K > 3. Considering K ¼ 3, the clustering ( Fig. 2B ; see also Supplementary Table S8) showed some geographical pattern. Cluster C1 is located mainly in the southern part of the distribution, whereas clusters C2 and C3 are found in the remaining part of the distribution of the species.
Demographic history and historical connectivity
Coalescent analyses supported large effective population sizes for all populations for ITS (Table 1 ). For nuclear microsatellites (Table 2) , effective population sizes were low. Using the mutation parameter over all populations (h ¼ 0Á432), TMRCA for ITS dated to 3Á696 Ma (95 % CI ¼ 2Á24-6Á33 Ma). For nuclear microsatellites, TMRCA dated to 813Á5 ka (95 % CI ¼ 757Á2-826Á7 ka).
For ITS, coalescent analyses showed constant population sizes for most populations and overall population (total population) (Table 1) , and the Bayesian Skyline Plot did not detect variation in population size for D. mollis in the last approx. 10 Ma (Supplementary Data Fig. S3 ). Fu's test showed no evidence of population expansion for each population (all P > 0Á05) or overall populations (Fs ¼ -0Á262, P ¼ 0Á607). However, tests of sudden demographic (raggedness index ¼ 0Á287, P ¼ 0Á056) or spatial expansion (raggedness index ¼ 0Á287, P ¼ 0Á404) did not reject the population expansion assumption for the total population. Furthermore, the mismatch test for individual populations also showed that the observed distributions were not different from those expected according to sudden demographic and range expansion (all raggedness indexes with P > 0Á05). However, highly negative values of the growth parameter (g) for nuclear microsatellites for most populations, as overall population (Table 2) , suggest recent population retraction. Tables S9 and S10 ) and also were a source of migrants to other populations, such as ARC, BAM, BAT, BAU, CAC, FSR, GEN, GOA, GOI, MAR, MAT, MGU, PAC, PAR, PIR, RIA, TRL, TRM and UNA. However, for microsatellite loci, gene flow was low among almost all population pairs (see Tables S11 and S12). For microsatellites, only a few populations (MAT, ARN, BAM, TRL and JAN) were a source of migrants to several populations (see Tables S11 and S12 ).
Ecological niche modelling
The potential distribution of D. mollis extends over a widely continuous area through central-west Brazil since the LGM (Fig. 3) , matching the Brazilian Cerrado limits, with higher variation in the peripheral areas. The spatio-temporal dynamics of species range show an increase in suitability over time (Fig. 3) , with a slightly smaller range size in the LGM (see Supplementary Data Fig. S4 ). The scenario of 'range expansion' from the LGM to the present was favoured in the most predictive maps (43 %; Table S13), although 'range stability' was almost equally supported (40 %). A large historical refugium of D. mollis (area of high climatic suitability throughout time) was predicted from ENMs to occur in central-northern and north-western portions of its current geographical range, where most populations occur currently (Fig. 4) . After the LGM, there was an eastward and southward expansion of the range.
Considering the predictions across all 60 maps (12 algorithms Â 5 AOGCMs) through the three time periods, the greatest predictive uncertainty (see Supplementary Data Fig. S5 ) came from AOGCMs [proportional sum of squares (SS) ¼ 0Á30], followed by the time component (SS ¼ 0Á26) and algorithms (SS ¼ 0Á24). Moreover, their higher variances from the time component (i.e. the ecological signal) are distributed across central and north-east Brazil, whereas the methodological uncertainties from AOGCM and algorithm components occur mainly outside central Brazil (Fig. S5) . Such results indicate that our ENMs were able to capture reliably the effect of climate change on geographical distribution of D. mollis (i.e. ecological signal), despite some methodological noise.
Spatial patterns in genetic diversity
We found a weak relationship between the geographical distance and the genetic differentiation among pairs of populations for both microsatellite loci (Mantel test, R 2 ¼ 0Á036, P ¼ 0Á061) ARC  3  3  0Á733  0Á0037  0Á084 0Á009-0Á309  8961Á0  947Á9-33 034Á2 -194Á07 -485Á29 to 30Á73  AQU  5  1  0Á000  0Á0000  0Á011 0Á003-0Á019  1133Á0  278Á2-2006Á1  -51Á00 -352Á84 to 58Á14  AVA  5  3  0Á378  0Á0012  0Á004 0Á002-0Á006  378Á3  256Á5-674Á5  -70Á37 -276Á51 to 1Á00  BAM  5  3  0Á622  0Á0019  1Á248 0Á016-4Á334 13 335Á0  167Á4-46 304Á7 -218Á52 -452Á49 to 217Á04  BAT  5  3  0Á644  0Á0027  0Á041 0Á006-0Á086  4371Á7  600Á9-9231Á9  3 N, sample size; k, number of haplotypes; h, haplotype diversity; p, nucleotide diversity; h, coalescent parameter; Ne, effective number; g, exponential growth parameter; 95 % CI is the confidence interval at 95 %.
and ITS (Mantel test, R 2 ¼ 0Á018, P ¼ 0Á022). Although the relationship was significant for ITS, the determination coefficient was very low for both markers. Quantile regressions showed clear effects of climate change on the genetic structure of D. mollis. Relationships resembling triangular-shaped envelopes showed that populations in more climatically suitable areas during the LGM, mid-Holocene and the present presented high allelic richness (Ar) and expected heterozygosity (H E ), especially for higher quantiles (see Supplementary Data Figs S6 and S7 ).
Inbreeding (f), nucleotide (p) and haplotype (h) diversity were not significantly related to suitability.
Likewise, higher values of both H E and Ar are associated with populations in more stable areas, where climatic suitability have been unchanged since the LGM (Fig. 4 and Supplementary Data Fig. S8 ). In addition, both H E and Ar decreased with distances from the centroid of the refugium (higher quantiles) and f increased (lower quantiles; see Supplementary Data Fig. S9 ). ALG  17  5Á0  3Á7  0Á619  0Á541  0Á071  0Á015 0Á006-0Á027  15Á6  5Á8-27Á9  -264Á23 -475Á15 to 1Á00  ALP  19  4Á7  3Á3  0Á582  0Á557  0Á019  0Á014 0Á008-0Á026  14Á2  8Á1-26Á9  -118Á13 -439Á55 to -3Á33  ARN  21  5Á1  3Á7  0Á628  0Á523  -0Á023  0Á024 0Á004-0Á060  24Á5  4Á7-62Á2  -258Á38 -497Á46 to -41Á18  AVA  21  5Á1  3Á6  0Á602  0Á455  0Á100*  0Á013 0Á002-0Á031  13Á2  2Á6-32Á1  -324Á01 -498Á77 to -105Á24  BAM  20  3Á4  2Á7  0Á481  0Á423  0Á054  0Á019 0Á011-0Á034  20Á2 11Á7-35Á9  -209Á39 -456Á14 to -29Á38  BAG  21  4Á9  3Á5  0Á622  0Á485  0Á142*  0Á009 0Á005-0Á012  9Á1  5Á6-12Á9  -249Á05 -452Á57 to -64Á14  CAL  22  3Á6  2Á5  0Á417  0Á399  0Á043  0Á015 0Á008-0Á028  15Á3  8Á6-28Á9  -288Á58 -459Á23 to -71Á04  CHA  15  5Á1  3Á8  0Á625  0Á509  0Á126*  0Á015 0Á002-0Á029  15Á9  1Á8- 
N, sample size; A, mean number of alleles per locus; Ar, allelic richness; H E , expected heterozygosity under Hardy-Weinberg equilibrium; H O , observed heterozygosity; f, inbreeding coefficient; h, coalescent parameter; g, exponential growth parameter; Ne, effective number; 95 % CI, is the confidence interval at 95 %. *Significant at the 0Á05 level.
LGM ( LGM (21 ka), (B) mid-Holocene (6 ka) and (C) the present.
DISCUSSION
Our study coupling phylogeographical and genetic analyses with markers with different evolutionary rates and ENM provided evidence that the current pattern of D. mollis genetic diversity is the result of a decrease in suitable area for the species, and a slight geographical range retraction during the LGM, with maintenance of a large stable area as predicted by ENMs. Our results showed different signatures for ITS and nuclear microsatellites corresponding to different time slices in the evolution of D. mollis, most probably due to differences in evolutionary rates. Signs of Quaternary climate changes could not be found in ITS sequences. ITS haplotypes had a more ancient TMRCA (approx. 3Á7 Ma) dated to the Pliocene and showed that populations of D. mollis had constant sizes at least in the last 10 Ma, supported by BSP and coalescent analyses, with large effective populations sizes. However, more recently, the population suffered a demographical retraction evidenced by coalescent analyses based on microsatellite data, leading to small effective population sizes. Because of the lower evolutionary rate of ITS, the cycles of population retraction in glacial periods and subsequent expansions across cyclic interglacial periods may have hindered the signal of more ancient bottleneck events. Connectivity among populations in deeper time was higher than more recently. Coalescent analyses showed high migration among almost all populations for ITS leading to haplotype sharing among populations and the assignment of individuals from distant populations to the same cluster and absence of phylogeographical structure. For microsatellites, migration was low (N e m <1Á0), and only a few populations were sources of migrants (e.g. MAT, ARN, TRL and JAN). Besides the moderate genetic diversity, MAT was an important source of migrants for all populations. This population had the highest effective size for microsatellite loci even though ENM showed that MAT remained in unsuitable areas during the glacial periods, outside the historical refugium. It is possible that MAT remained in microrefugia not detected by the ENM due to the data resolution for niche modelling, and maintained a relatively large effective size.
The slight reduction in suitable area during the LGM may have caused population extinction or shrinkage in some parts of the D. mollis distribution, leading to low effective population size and, as a consequence, relatively low genetic diversity. These results indicate that genetic drift was an important factor shaping the current distribution of the genetic diversity of D. mollis, and that historical changes in the species' range may have affected the patterns of species genetic diversity. Therefore, the genetic patterns found may be the outcome of a bottleneck because of a decrease in suitability across species distribution and a slight range retraction in southern and eastern parts due to harsh climatic conditions during the LGM followed by range expansion after climate amelioration, mainly after the mid-Holocene (6Á0 ka). These results are consistent with palaeo-palynological studies. Pollen records from central Brazil indicated a long drier period between about 19 ka and about 7 ka (from the LGM until the mid-Holocene), suggesting that the current savanna areas were under severe water stress during this period (Salgado-Labouriau et al., 1998) . Also in southeastern Brazil, pollen records show that during the LGM savannas were mostly replaced by grassland (Behling, 2002) . From about 7 to 5 ka, rainfall started to increase and since approx 4Á6 ka vegetation in central Brazil did not suffer significant changes, having the same geographical pattern as the present (Salgado-Labouriau et al., 1998) . Indeed, spatially explicit analyses showed a spatial cline pattern in allelic richness and expected heterozygosity, related to the palaeodistribution at 21 ka, 6 ka and the present time. In addition, the significant relationship with the centre of distribution of the historical refugium reinforces the spatial cline pattern and shows higher genetic diversity in more stable populations near the centre of the historical refugium. The inbreeding was also higher in peripheral populations (Table 2 ; Fig. S9 ). This pattern is consistent with the abundant-centre model, i.e. loss of genetic variability due to genetic drift and inbreeding in peripheral populations with low effective population sizes and higher diversity in central populations (Soulé, 1973) .
Despite the slight range retraction during the LGM, our results showed that the populations of D. mollis have moderate genetic diversity for both ITS sequences and microsatellites. Low to moderate diversity has already been documented for this species with other markers (Souza and Lovato, 2010) . Indeed, ENMs revealed that most populations are inside the historical glacial refugium, i.e. in areas that have had high climatic suitability throughout the last glaciation. Such evidence suggests that even with the aridity registered in central Brazil by pollen data at the end of the Pleistocene (Salgado-Labouriau et al., 1998), a wide climatically stable area was still available throughout the last glacial cycle, favouring population persistence and genetic connectivity. Populations outside the historical refugium (MGU, PAR, BAM, MAT, GUI and TRM), which were potentially disconnected from the others in some periods, presented the lowest values of both expected heterozygosity (H E ) and allelic richness (Ar). Hence, east and south of the present distribution of D. mollis was most probably colonized by populations that remained in the refugium and expanded by sending migrants after the climate became moister and warmer after the LGM. Other evidence of recent colonization is the fact that southern populations have different frequencies of simple sequence repeat (SSR) clusters as compared with northernmost areas, a signal of a founder effect. This pattern was also found in another savanna legume tree, Dalbergia miscolobium (Novaes et al., 2013) .
Results on the D. mollis demographic history and phylogeographical structure are different from those obtained for most of the other Fabaceae trees from the Neotropical savanna. In contrast to D. mollis, strong phylogeographical structure and high genetic divergence among populations were found with ITS sequences in D. miscolobium (Novaes et al., 2013) , as well as in two other legume tree species with chloroplast DNA, Hymenaea stigonocarpa (Ramos et al., 2007) and Plathymenia reticulata (Novaes et al., 2010) . These differences can be due to different effects of Quaternary climatic changes on D. mollis in comparison with these species, since they showed genetic evidence of strong range retraction and recent population expansion, whereas D. mollis presented only slight range retraction, with a large stable area maintained since the LGM. The distribution dynamics through the last glacial cycle of D. mollis were also different from those of Dypterix alata (Collevatti et al., 2013b) . Although both species presented range retraction during the LGM, D. alata showed lower genetic diversity and stronger genetic differentiation. In contrast to D. mollis, the ENM showed a strong instability for populations of D. alata in central Brazil during the LGM and a range shift towards northwest and north-east Brazil, with a clear spatial cline pattern in genetic diversity. Life-history attributes do not appear to explain the differences found in D. mollis in relation to other legume trees. Both D. mollis and D. alata are pollinated by insects and have their seeds dispersed by mammals, in spite of differences in genetic diversity and distribution during the LGM. Still, the genetic diversity and genetic differentiation found for D. mollis was lower than for two other widely distributed non-legume tree species from central Brazil, Caryocar brasiliense (Collevatti et al., 2001) and Tabebuia aurea (Collevatti et al., 2014) . In fact, there is evidence of 'range retraction' with multiple refugia during the LGM for C. brasiliense and a wide historical refugium across central Brazil for both C. brasiliense and T. aurea (Collevatti et al., , 2014 , similar to what we found for D. mollis. These differences in demographic history and phylogeographical patterns between savanna tree species highlight the complexity of the biogeographical processes in the Cerrado biome. Regardless of these singularities, most species show the highest genetic diversity in the central portion of the Cerrado.
An ENM study (Terribile et al., 2012) involving past and predicted future climate (end of the 21st century) of 18 Cerrado tree species, including D. mollis, projected a reduction of suitable area in relation to current distributions. In particular, the study projected southern and eastern displacement of the core area, with loss of suitability in most of the northern and western parts of the biome. A single climatically stable area was identified in the central area of the Cerrado for most species through time (the LGM, the present and the future). The large historical refugium that we identified for D. mollis includes, mainly in its eastern part, the climatically stable area identified by Terribile et al. (2012) . This climatically stable area encompasses parts of three floristic regions of the Cerrado biome (central-western, central and south-eastern, and north and north-eastern), which harbour high species diversity (Ratter et al., 2003) . The highest genetic diversity found in D. mollis in the refugium is concordant with phylogeographic studies with other tree species, which also found that the central Cerrado harbours high genetic diversity, encompassing most species' genetic lineages (Ramos et al., 2007; Novaes et al., 2010 Novaes et al., , 2013 Ribeiro et al., 2016) . The evolutionary potential of a species is dependent on genetic diversity. Thus, the climatic refugium of the Cerrado, which is predicted to be maintained under future climate scenarios, should be given high priority for conservation in order to maintain the evolutionary potential of the species present. Conservation efforts for this area of low-velocity climatic change in the central Cerrado could also favour rare endemic species, as pointed out by Petit et al. (2015) , as well as various ecological networks, including pollinators and disperses.
Over the past few decades, the Cerrado has suffered substantial destruction due to agricultural expansion, which is expected to continue over the coming years. The net loss of natural vegetation in the Cerrado from 1990 to 2010 was estimated to be 0Á6 % per year (Beuchle et al., 2015) . Besides this rapid destruction and fragmentation, the absence of a consistent fire management policy, which has transformed several areas of savanna vegetation into forests (Durigan and Ratter, 2016) , threatens the biodiversity of the Cerrado. In addition, only 8Á3 % of the area of the biome is protected by reserves (Ganem et al., 2013) . All of these factors should be taken into account when considering conservation policies to safeguard the role of the climatic refugium in the maintenance of biodiversity under climate change.
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